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Project Summary

A system was developed for rapidly manufacturing custom tooling based on stereolithography (SLA) and
robotic thermal spraying. The system automates and integrates these technologies within into a unified
CAD/CAM environement. A novel process for making sprayed steel dies was developed and
demonstrated by producing several complex die patterns. A robotic spray testbed facility was
implemented. An automated pattern design system was developed which generates the parting
line/parting surface models from design models for creating injection mold tooling. An industrial "Rapid
Tool Manufacturing" consortium was formed to further guide sprayed steel tooliing research and to
facilitate technology transfer. The consortium members include: Goodyear, Alcoa, General Motors, Ford,
and EMTEC (The Edison Materials Technology Center).

Detailed Summary of Technical Results

The rapid tool manufacturing system is based on the integration of stereolithography and thermal
spraying. Stereolithography (SLA) is a process which quickly creates complex shaped plastic prototype
models directly from a vat of licuid photocurable polymer by selectively solidifying it with a scanning laser
beam. Thermal arc spraying is then used to deposit metal onto the SLA model patterns. By incrementally
depositing multiple fused layers, a freestanding metal structure is formed by separating the metal shell
from the plastic substrate. This shell is used in the fabrication of custom tooling by filling it's cavity with
appropriate backing materials (FIGURE 1). Previuos state-of-the-art in sprayed metal tooling was limited
to zinc alloy deposition. Zinc-based tools are relatively soft and are used primarily in prototyping and

S low-batch production applications. Their use in some low-stress applications, such as reaction injection
molding, are possible on a higher-batch production basis. Thick coatings of zinc can be deposited

i ' because this metal has low residual stress upon cooling. In contrast, the higher melting point and Young's
, o modulus of steel compositions, which could be used to make superiors prototype tools and production-

i quality dies, has limited their use for making sprayed tooling.

One goal of this project was to extend this technology to steel-based deposition for fabricating superior
prototype ano production-quality tooling. To achieve this we have developed a new process for making
sprayed steel dies. The new process uses low melt metal alloy patterns as self-anchoring mechanisms
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for holding sprayed metal shells in place while making sprayed metal dies. In this process, molten metal
(i.e., composing the die material) is deposited by spray deposition (e.g., arc, plasma, or combustion) onto
a pattern made of low melting point metal alloys. The sprayed metal will bond locally to the pattern by
superficially melting and abrading a very thin layer of the low melt alloy. This creates an "anchor pattern"
to facilitate coating adhesion. The pattern geometry is negative image of the desired tool shape. The
sprayed metal must have a melting point greater than that of the pattern material. For example, a pattern
made of tin-bismuth Cerro alloys (melt temp. approx. 280 degrees F.) would satisfy the requirement for
spraying with steel. The sprayed metal anchors to the surface of the Cerrometal pattern. The Cerro
pattern thus shapes the sprayed metal and clamps it to the pattern surface. The clamping action is critical
since sprayed metal, in particular steel, has a tendency to warp and peel away from the pattern surface.
This "clamping" action counters this tendency. A thick sprayed metal shell is deposited and is then
backed up with a mass castable material (e.g., tooling epoxy). The Cerrometal pattern is then melted
away by placing the pattern/shell/backing system into a furnace or by using a torch. The result is a
sprayed metal die. The low melting point of Cerrometal also permits these Cerro patterns to be quickly
created by casting or spraying Cerrometal onto patterns made rapidly from stereolithography. To
demonstrate the process we fabricated several complex shaped 420 stainless-steel shapes including a
fan blade die pattern, a frisbee tool (FIGURE 2), and a sculpture of a human face.

Another limitation of the sprayed tool process had been that it has relied on manual spraying by a skilled
technician to adjust process parameters such as arc voltage, wire feed rate, and air pressure, as well as
to control the gun motion relative to the substrate. Errors in the technician's judgment, operator fatigue,
and poor spray technique yield poor quality tooling. In particular, precise control of the deposition of steel
onto Cerro-metal is crucial to minimzie the temperature rise in Cerro-metal due to the mismatch in C.T.E.s
between Cerro-metal and steel. In addition, systematic studies of spray parameters in relation to the
structural quality of sprayed metal shells for tooling applications had not been reported in the literature.
Therefore methods and strategies to achieve consistent and predictable process performance have been
be developed.

In particular, we have implemented a robotic spray testbed facility. The system includes a 6-DOF GMF
S700 robot with a 7th DOF servo-controlled turntable, a computer controlled arc gun, temperature and
depth sensors, and an inert gas atomization system. Robot trajectories are planned off-line based on
CAD design models. This planning stage is currently in development. Trajectory optimizations (e.g.,
mapping 5-DOF spray pathes into 7-DOF robot space) are also carried out in this off-line planning stage.
Trajectories are transmitted via ether-net to a host PC which coordinates the robot controller and the arc

gun, and communicates with the depth and temperature sensors. The development of complete spray
programs is faciliated by the use of a high-level command interpreter which has been developed. The
robot programmer synthesizes spray programs by specifying for example alternative spray strategies,
number of spray passes, wait times or acceptable temperature ranges before proceeding with spraying,
and depth measurement actions. Robot/workpiece calibration has also been automated. The testbed
also includes inert gas atomization apparatus. We have begun to investiagte the sprayed shell
microstructure as a function of alternative inert-gas atomization environments as well as the spray
parameters. Microstructure is assessed with metalographic apparatus.
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In addition, a CAD package has been developed for automated ejectability analysis and parting surface
generation for injection mold tool design. Computer design models are first evaluated for part ejectability
given the desired draw direction and constrained to be manufactured in a two part mold. This information
helps the designer to create manufacturable designs. Non-ejectable regions are high-lighted on a CAD
display to give feedback to the designer. The parting line and parting surface models are then created
subject to geometric and process constraints. The union of part design and parting surface models forms
impressions of the mold cavities. Cavity patterns are then quickly built with stereolithography. :
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RESEARCH INTRODUCTION
The capability to manufacttie a wide variety of quality prod-
ucts in a timely and cost-effective response to market require-
ments is a key to global competitiveness. The opportunities
for improving manufacturing technology range across the en-
tire spectrum of industries, materials, and manufacturing tech-
niques. There is no single technological innovation which, by
itself, will significantly improve productivity: rather it is aM an'"a t i"  " i ig cives. On suchactiy isote mauatr oftoln
systems issue which involves rethinking many manufacturing
activities. One such activity is the manufacture of tooling

(i.e., design, prototype, and fabrication) such as dies and
molds required for the high-volume production methods thatSystem Biased on generate most of our manufactured products. Tooling manu-
facture is typically an expensive and time-consuming process.
The reasons lie not only in the fabrication costs and time con-
straints imposed by conventional machining methods, but also
in the organizational framework. In most organizations, dif-

ferent groups employ different processes to design and manu-
facture tools and products. and the expertise in tool design
and product design reside in different groups, impeding com-
munications between them. The representational and physical

-models used in design. prototyping. and manufacturing are

often incompatible with one another, so that transitions be-
tween the stages are time-consuming and error-prone Prod-

ucts often make several complete cycles through design. pro-

LEE E. WEISS, E. LEVENT GURSOZ, totyping. and fabrication before reaching production. Thus.

F. B. PRLNZ, PAUL S. FUSSELL,t SWAMI new product development or product modification implies a
and E. P. PATRICKt series of iterative changes for both product manufacturers andMA ALLNGAM, antoolmakers. For all these reasons, a rapid and smooth transi-

The Robotics Institute and The Engineering Design tion from product concept to production remains a challenge.
Research Center of Carnegie Mellon University, This paper describes the development of a unified CAD/
Pittsburgh, PA CAM tool manufacturing system to address this challenge for

an injection molding paradigm. In this system. both prototyp-
ing and tooling fabrication are based upon compatible shaping
deposition processes, while the underlying geometric and pro-

manufpactudcribs an sthem feratin tofl cess models share a common representational scheme. Our
manifactrying based on the integration of goal is to demonstrate that automating and integrating these
stereolithography appara sprayng. plsti prototyprocesses can significantly improve productivity through
moelst arebultdiroeitoly rntqu pasticprototypegreater design flexibility, rapid fabrication, and reduce cost.models are built directly fronm liquid photopolymers by Shaping deposition processes build three-dimensional
laser scanning. Thermal spraying is then used to Saigdpsto rcse ul he-iesoa
lasescaig Teositrmal prayng then m s to shapes by incremental material buildup of thin layers. and can
bildrehentollyA boadepsae ontoothegScamels tmake geometrically complex parts with little difficulty. These

fabricated including injection molds, forming dies, processes include selective laser sintering [1. laminated ob-

and ED1i electrodes. The system integrates Sfo m and ject manufacturing [2]. ballistic powder metallurgy [31. three-

thermal spraying into a CAI)/CI environment whiichi dimensional printing 141. stereolithography. and near-net ther-

includes robotic spray capability, and computer-aided mal spraying. Our system incorporates the commercially
available technologies: stereolithography apparatus (SLAI and

process planning. ltformation flows efficiently from arc spray equipment. Stereolithography' is a new process
design through fabrication by incorporating a

commn gomericmodlingsysem or artandwhich creates plastic prototype models directly from a vat of
prcesso epronttimodnurgoa isy to def o ta te liquid photocurable polymer by selectively solidifving it with

pa scanning laser beam. In arc spraying. metal wire is melted
that automating and integrating these processes. in an electric arc, atomized, and sprayed onto a substrate sur-
within a unified modeling environment, can face. On contact. the sprayed material solidifies and forms a
significantly improve productivity through rapid surfae coating. Spray coatings can be built up by depositing
fabrication and also red iece costs. We are building a multiple fused layers which, when separated from the sub-
system test bed for an inection mold tooling paradigm. strate, form a free-standing shell with the shape of the sub-

strate surface. By mounting the shell in a frame and backing
it up with appropriate materials, a broad range of tooling can

*This research has been supported in part by the Defense Advanced Re.
search Agency under the Office of Naval Research Contract N00014.88.K-
0642. and in part by the National Science Foundation Engineenng Design Re-
search Center at Carnegie Mellon University 'Stereo]ithography has been commercialized by AD S, iem%, Inc iValen-

tAlcoa Laboratones. Alcoa Center. PA. cia. CA).
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be fabricated including injection molds, forming dies, and
EDM electrodes. For example, the cavities of injection molds twnr
can be fabricated by direct deposition of metal onto plastic
SLA models of the desired part and backing the framed shell
with epoxy resins. Relative to conventional machining meth- Z
ods, the sprayed metal tooling approach has the potential to
more quickly and less expensively produce tools, particularly
for those parts with complex shapes or large dimensions.
Thus, with stereolithography, an initial part shape or proto-
type is quickly created. Thermal spraying is then used to
make tools based on the part shapes produced by
stereolithography. U Curabl

The potential effect of combining thermal spraying with_ Liquid

stereolithography to build tooling is enhanced by integrating
and automating these processes within a unified CAD/CAM
environment. The goal of integration is to reduce the number
of iterative cycles through design, prototyping, and fabrica- FIG. 1. Stereolithography apparatus
tion. CAD-based evaluation and modification tools can oper-
ate on design models to help the designer create manufactura-
ble designs on the basis of requirements and limitations of the This paper describes the system framework and the corn-
downstream processes. For example, there are certain shape ponents which have currently been developed, and is orga-
features in thermally sprayed parts which are difficult to nized as follows: First, the stereolithography and sprayed tool-
spray. The system should identify these features so that the ing processes are reviewed. The procedures for spraying SLA
designer may modify them before reaching the fabrication model patterns to build injection mold tooling are then de-
stage. Another example is to automatically critique ejectability scribed. A case study for manufacturing a geometrically corn-
by analyzing whether there is sufficient draft for part ejection plex plastic turbine-blade design using these processes is pre-
from an injection mold. If drafts are not sufficient, the system sented. The limitations of the sprayed tooling method are
should identify this geometric problem and bring it to the de- identified, and some potential solutions are suggested. A
signer's attention. framework for planning robotic spraying is then presented.

Another step in the CAD/CAM approach is to automate The robotic spray testbed facility is currently being built, in-
the thermal spray process with robotics. Tooling manufacture cluding a robot with a coordinated positioning worktable, and
by thermal spraying is currently a labor-intensive artform. a computer controlled arc spray system. Next, the geometric
Shifting emphasis to robotic spraying, driven by an off-line representation NOODLES and its applications to CAD/CAM
trajectory and process planner, will improve tooling quality by modeling and process planning are described.
achieving consistent and predictable performance of the
sprayed metal shell.

Finally, the level of integration and the number of differ-
ent models in this CAD/CAM system requires geometric rep-
resentations that can be abstracted at several levels and that Stereolithography is a process which quickly makes plastic
can be manipulated over several dimensions. Rather than use prototypes of arbitrary geometric complexit-, directly from the
several different modeling environments customized for the computer models of the parts. The stereolithography apparatus
demands of each subsystem, the models in our framework for (SLA) does not require experienced model makers, and the
design, analysis, and fabrication share a single common unify- machine runs unattended once the building operation is
ing geometric representation implemented in the software started. It is relatively straightforward for the designer to pro-
modeling system NOODLES. With this approach, model ma- gram and run the SLA.
nipulation capability is robust and models need not be trans- SLA is the product of 3D Systems, Inc, of Valencia,
formed between subsystems. CA. Their system (Fig. 1) is composed of a vat of photosen-

The system which we are developing represents a signifi- sitive liquid polymer, an x-y scanning ultraviolet laser beam
cant departure in tool manufacturing compared with conven- with a 0.25 mm (0.01 in.) beam diameter, a :-axis elevator in
tional methodologies. The majority of ongoing research [5, 6] the vat. The laser light is focused on the liquid's surface and
focuses on automating numerical control (NC) fabrication by cures the polymer, making solid forms wherever the light has
removing material from metal blanks. Manufacturing a broad scanned. The depth of cure is dosage-dependent. The physical
class of complex geometries is difficult without extensive pro- object to be created, as described by a boundary representa-
grammer and operator intervention, so that NC fabrication re- tion model,2 is first 'sliced" into thin cross-sectional layers
mains expensive and relatively time-consuming. In addition, along the z-axis. For each slice, the laser's trajectory is dic-
the fabrication of prototype parts has remained disjoint from tated by the cross sections boundary a,;d by the bounded
the processes to fabricate the production part. In contrast, region.
geometric complexity is not an issue with SLA, so that corn- The elevator platform is initially positioned at the surface
plex metal shapes can be fabricated by direct metal deposition of the liquid. As the laser draws a cross section in the x-v
onto the SLA models. Also. tooling fabrication builds directly plane, a solid layer is formed on the elevator platform. rhe
upon the prototyping process. Such process compatibility and
system integration will facilitate a continuous transition from
design to prototyping to mass production within a single man- 'in the 3D Systems device, this is a triangulated. planar surface PHIGS
ufacturing enterprise. B-Rep

Weiss, Gursoz, Prinz. Fiussell. Mahalingam and Patrick: A Rapid Tool Manufacturing System 41
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FIG. 2. Electli arc spraying - ,
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FIG. 3. Conventional mold FIG. 4. Sprayed toproces

platform is lowered and then the next layer is drawn in the
same way and adheres to the previous layer. The layers are
typically between 0.13 and 0.5 mm (0.005 and 0.020 in.)
thick. A three-dimensional plastic object thus grows in the for fabricating injection molds using SLA patterns are de-
vat, starting at the object's bottom and building to the top. scribed below and compared with conventional pattern-making

To save time, the SLA laser does not fully cure each techniques. The combination of stereolithography with ther-
cross section. Rather, the laser cures the boundary of a sec- mal spraying provides a tooling fabrication process which
tion, and then cures an internal structure, or honeycomb, that builds directly upon prototype models. These models are rap-
traps the uncured fluid. Top and bottom surfaces, on the other idly produced and the ability to modify them for spraying ap-
hand, are fully cured. These surfaces are cured by command- plications is straightforward.
ing the laser to draw the whole surface with overlapping The concept of sprayed metal tooling has been in exis-
lines; the result of this operation is called skin-fill. Final cur- tence for decades [7]. Current commercial technology uses
ing under separate ultraviolet lights solidifies the complete electric arc spraying. The arc spray process (Fig. 2) uses two
part. One of our goals is to enhance the SLA process by cre. spools of metal wire which are fed to a spray gun where the
ating efficient slicing and vector generation algorithms which wire tips form consumable electrodes. A high current is
operate directly within the unifying geometric modeller NOO- passed through the electrodes creating an arc which melts the
DLES. An algorithm for this operation is described later. The wire tips. The molten particles are atomized by a high pres-
current accuracy of SLA pits is of the order of 0.25 mm sure air jet directed at the arc and are accelerated in the air
(0.010 in.), while surface texture is dependent on the building stream. These particles strike the surface where they flatten
orientation. Additional postprocessing, such as carefully sand- out and quickly solidify.
ing and grinding the part, is therefore required for making ac- A conventional machined injection mold is shown in
curate and smooth models. Since stereolithography is so new, cross section in Fig. 3. The holes represent cooling/heating
we expect rapid improvements as the equipment and resins channels, and the injection geometry is that of a simple sprue
evolve with broadening commercial competition. gate. Alternatively, the fabrication steps for building a

There is an engineering cost to preparing a part design sprayed mold using SLA patterns are depicted in Fig. 4.
for SLA construction. Support structures are added to the part The steps are:
to hold it together while it is being built, the part must be ori- 9 STEP 1: Build SLA pattern used to make one mold half.
ented in the vat for best surface quality and fastest build time, This pattern is the complement of the interior of this mold
and SLA process parameters must be planned. One example half. In this example, the mold pattern includes the partial
of the latter is the choice of layer thicknesses in the part; they pan shape, a parting plane, and sprue gate.
do not have to be constant throughout the part, and their * STEP 2: Apply a water-soluble release agent onto the
choice has a first-order effect on the accuracy, the surface plastic pattern, such as polyvinyl alcohol (PVA), to facili-
quality, and the build time of the part. tate separation of metal from plastic.

SPRAYED TOOLLNG 0 STEP 3: Place a metal frame onto the pattern.
0 STEP 4: Spray metal onto the pattern and around inside

Tooling can be fabricated with arc spraying upon appropriate edge of frame. Alloyed zinc compositions are used for
substrate patterns. Examples which demonstrate this process this particular process because of their relatively low re-

42 Manufacturing Review vol 3, no 1, March 1990



FIG. S. Sprayed turbine blade mold

FIG. 7. Model of SLA pattern

-STEP 8: With SLA, build a model of the whole part to
be molded, including runners and gates, and insert the
model into the first mold half. This forms the pattern for
spraying the second mold half.

* STEP 9: The second mold half is completed by repeating
STEPS 2-7.

The mold fabrication is completed by removing the SLA
insert.

Using these steps, we have fabricated the injection mold
in Fig. 5 for making a polyethylene turbine blade. This exam-
ple is interesting because of this shape's complexity and use-
ful since molded plastic blades can be used for making cast-
ings for metal blades. This tool also includes a nonplanar
parting surface and a complex runner system. The fabrication
of this tool requires three SLA mold patterns, shown in Fig. 6
which can be built simultaneously in the vat. The first pattern
in Fig. 6 is sprayed to make the first half of the mold. In
contrast to the planar parting surface in the first example. the
blade mold requires a nonplanar parting surface to permit
ejection of the molded blade from the tool. To create this pat-
tern, the computer models of the blade and runner are embed-
ded into the parting plane model in Fig. 7 using simple union

FIG. 6. SLA mold patterns: (A) pattern for first mold half, (B) operators. Another major advantage of using SLA to create
inserts for second mold half. spray patterns is demonstrated by this nonplanar parting plane

example. Conventionally. the first mold half can be prepared
by partially embedding a complete prototype model of the

sidual stress. Sprayed shell thicknesses are typically on part into. say, melted paraffin. The paraffin then cools to
the order of 2-7 n., i. Fine pattern details are accurately form a planar parting surface around the remaining partial
replicated by this spray process. part shape. With this approach it is difficult to sculpt non-

* STEP 5: Lay in place copper tubing for heating and cool- planar surfaces. Other approaches which build up parting
ing channels for the injection mold process. Additional in- planes with sheet-wax, clay, or plaster are tedious and diffi-
jection mold components, such as prefabricated ejector pin cult. Machining complex patterns is time-consuming and ex-
assemblies (not shown), can be added in STEP I and pensive. With SLA it is straightforward and relatively quick
sprayed in place in STEP 4. to build complex patterns, with nonplanar parting surfaces,

" STEP 6: Pour in a backing material to support the metal and include the runner system in these models.
shell. Typical backing materials include epoxy mixed with Once the first half of the mold is completed. the initial
aluminum shot. pattern is removed and SLA models of the blade with tab

* STEP 7: Separate the substrate pattern from the mold gates and the runner with the injection sprue gate are inserted
half. This is aided by dissolving the PVA in water. This into the mold cavities. The process is then repeated to build
completes the fabrication of the first mold half. the second mold half.

Weiss, Gursoz, Prinz, Fussell, Mahalingam and Patrick: A Rapid Tool Manufacturing System 43



Limitations mals. This assures maximal splattering of the molten par-

It has been estimated 17-9] that there can be an order of ticles. Some part designs have geometric features which

magnitude reduction in both the cost and time for producing make it difficult to satisfy this condition. Particles which

injection mold tooling by thermal spraying in comparison with strike the surface tangentially (e.g. greater than about 45

conventional machining methods. Similar savings could ao from the normal) do not sufficiently splatter, resulting inconvethona maoonin adhesods. incmilar porosity oour alsor o
be realized for manufacturing other types of tooling such as either poor adhesion, inreased porosity, or overspray. For
forming dies or EDM electrodes. The question arises: Why example spraying concave surfaces with small aspect ra-

hasn't the use of sprayed metal tooling proliferated consider- tios (e.g., holes with small diameter-to-depth ratios) is

ing these potential savings? There are several reasons: difficult, if not impossible. since particles tend to strike
the steep sidewalls at acute angles and bounce off into the

Zinc for Prototypes and Small Batch Applications: Al- hole. Therefore, alternative strategies and technologies
loyed zinc is the only metal, as reported in the literature, should be investigated to extend the scope of geometries
to be commercially successful in the fabrication of which can be effectively sprayed.
sprayed tooling using the aforementioned steps. More in- Several areas of research should be investigated to ad-
volved spray processes for steel deposition have been de- dress these issues. We have identified and demonstrated the
scribed [10], and there are reports that a handful of shops use of SLA for rapidly fabricating the complex mold patterns.
have built sprayed steel tools. Another element is to incorporate robotic spraying. driven by

During the spraying process, molten metal is sprayed onto an off-line path planner which uses knowledge of metal
previously solidified layers of the shell. Residual stress is spraying. The use of robotic automation has several ramifica-
created in the shell by the shrinkage of the metal as it so- tions. It will facilitate process control by its consistent and
lidifies. This stress is intensified by the temperature gra- tireless performance and it can be easily integrated with sen-
dient between cooler layers and the freshly deposited hot sory feedback (e.g., temperature measurement) for additional
layer. The net effect of the residual stress is to limit the on-line control. We believe that the ability to reliably spray
maximum thickness of the shell. The effect manifests it- steel will require such tight process control. Complex shapes
self when the shell peels away from the substrate as new need tightly controlled spray trajectories. Robotic spraying
layers are applied. Steel, stainless steel, and many other will facilitate these trajectories. Off-line trajectory planning
alloys demonstrate this problem; zinc, on the other hand, based on design models will not require tedious -teach by
can be sprayed to significant thicknesses. There is no showing" operations, while the incorporation of process
clear prediction of this behavior for layered spraying pro- models to formulate spray strategies will improve spray per-
cesses in the literature. formance compared to manual operation. This paper presents
Zinc-based tools are relatively soft and are used primarily a framework for the robotic spray planning system.
inc-basdtools are elwatvl sroftin aelusediprimarilyFor "hard-to-spray shapes" there are a number of possi-

in prototyping and low-batch production applications. Pro- ble directions to pursue. While the accurate aiming capability
totype tooling is used to make parts for marketing and of robotic spraying will be helpful, the ability to spray con-
customer evaluation and for preliminary part testing. Pro- cave shapes with small aspect ratios (e.g.. small deep holes)
totype tools are also used to evaluate a tool design (e.g.. is still limited by the divergence of particles from the spray

to assess gate locations in the runner system) before com- gun and the limitation of spraying along the tlne of sight. The

mitting that design to a machined steel tool. Beyond pro- use of continuous detonation spray guns which have highly

totype tools, the sprayed tool process should be extended focused spray beams should be investigated for this

to fabricating steel tools for production quality tooling, application.
•Difficulty in Making Patterns: The time and cost of apiain

makincoplty npatterns thnventionlmeain st oUltimately the design system should account for -hard to
making complex patterns with conventional machining is spray shapes" by having up-to-date knowledge of the spray
roughly the same as directly machining a tool. Thus, the capabilities. Such a system should give feedback to the part

benefits of sprayed tooling, including its speed and rela- cap ab ut mnuact u ldng iroc e da c to o pa r

tively low cost, are lost with conventional patternmaking designer about the manufacturing process ramifications of part
tieo st mrved ost wit onveinailiters asing geometry prior to the fabrication stage. Our system will build
provided for by SLA, should be pursued, upon ongoing research at Carnegie Mellon on design for man-

* Poor Process Control: The sprayed tool process is cur- ufacturing 1 I to provide such feedback.

rently limited to manual spraying by a skilled technician
who must adjust process parameters such as arc voltage. ROBOTIC SPRALNG
wire feed rate, and air pressure, as well as control the gun
motion relative to the substrate. Errors in the technician's The need to execute accurately spray paths based on process
judgment, operator fatigue, and poor spray technique yield knowledge and to repeat consistently operations makes a ro-
poor quality tooling. The difficulties in quality control are botic system essential in the rapid tool manufacturing domain.
accentuated when spraying large shapes which may take Arc spraying robots currently provide repeatability in surface
days to spray. Further. a systematic study of spray param- coating applications [12. 131. However, the spray paths are
eters in relation to the structural quality of sprayed metal manually generated with a teach pendant for all but the sim-
shells for tooling applications has not been reported in the plest of part geometries. Automated and intelligent decision-
literature. Therefore, methods and strategies to achieve making capabilities, using design models and process knowl-
consistent and predictable process performance must be edge for off-line path generation. are absent from these
developed, systems.

0 Shapes That Are Hard To Spray: The spray gun should Automated thermal spraying requires the scheduling of
ideally be aimed so that the trajectories of the atomized the arc spray parameters and 0i selection of the robot path.
metal particles are close to the substrate's surface nor- These parameters include: arc , Itage. wire feed rate. atomiz-
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FIG. 8. Overspray FIG. 9. Spray paths

ing gas pressure, atomizing gas type, wire diameter, and noz- makes an incident angle of 0, with the curved surface. Spray-
zle geometry. Many of these parameters are directly affected ing is restarted from this position and proceeds down the ver-
by the type of material being sprayed. Because the number of tical surface.
parameters is high, an experimental testbed is crucial to study These two strategies demonstrate spray pianning 1.-r a
systematically how these parameters affect shell quality. Some simplified two-dimensional case. In practice, strategies will
insight into this problem may be gained from published statis- have to be synthesized which account for the interaction of
tical methods for tuning the thermal spray process parameters the spray cone with three-dimensional and more complex
to produce optimal thin surface coatings [14]. shapes, and which address a range of spray performance re-

Although arc parameters directly affect the sprayed shell quirements. However. these examples demonstrate one impor-
quality [15], the path of the gun is of equal importance. Ro- tant result. The first strategy only considers geometry, while
bot paths must be found that traverse the substrate to deposit the second strategy also considers process limitations the
a uniform layer even when the substrate presents geometric framework of considering both geometry and process resulted
features that make spraying difficult, in a superior strategy.

For example, consider overspray as shown in Fig. 8. Par- Robot paths must be found to traverse the workpiece
ticle trajectories should align with the surface normals to as- given these process limitations. The basis of one approach to
sure maximal splattering of the molten particles. As the angle this problem is a planner based on geometry features, such as
of impingement increases, that is, as the angle between the the corner feature of the example. A feature-based strategv
particle trajectory and the surface normal increase, the shell uses extracted features to recognize spray problem areas, and
quality degrades. After some critical impingement angle 0, then uses successful strategies. predetermined for each fea-
the particles bounce off the surface as wasted overspray or ture, to generate a robot path plan. The capability to define
become entrapped in the shell reducing its strength. Although and extract three-dimensional features is being developed
0, is a function of the spray parameters, 0, = 450 has been within the NOODLES environment [17]. One goal of our re-
used as a rule-of-thumb 116]. The amount of overspray gener- search is to identify a useful set of features for spray planning
ated is therefore dependent upon the gun orientation relative and to develop effective spray strategies for them.
to the part surface. The following examples illustrate how this The discovery of a good path for the spray torch is criti-
information can be accounted for in planning. cal to successful robotic spraying. Equally critical is the trans-

For a simple planning algorithm, the spray path is de- lation of the torch's path into a complete, reachable, and
fined by a grid on the surface of the substrate. In this algo- smooth robot trajectory. It is simple to create trajectories that
rithm, the spray gun is oriented normal to the surface and fol- are unreachable by the robot. A second difficulty coming
lows each line of the grid with a constant standoff distance. from off-line generated paths is the problem of creating paths
This strategy is referred to as the surface-normal tracking that result in smooth robot motion. The tool manufacturing
strategy. To analyze the overspray performance of this strat- system will build upon robot path optimization research at
egy, consider the convex corner of the cross section shown in Carnegie Mellon [181. This work addresses txth the reacha-
Fig. 9 (A). 0 is defined as the spray divergence angle. There bility and path smoothness challenges.
is no overspray so long as all of the spray hits a flat surface, NOODLES MODELLNG
the gun axis is perpendicular to the flat surface, and 0 - 0,.
However, this strategy produce!s overspray on both the verti- The representational requirements for modeling systems, in-
cal and horizontal surfaces as the gun negotiates the corner. cluding the levels of abstraction, the nature of the analyses.

An alternative two-step strategy (Fig. 9B) eliminates over- and the geometric manipulations, vary with the context of the
spray for this example. As the gun approaches the corner, it model's use. In CAD/CAM applications, the models for de-
is oriented so that the trailing edge of the spray cone makes sign. analysis, and evaluation, and fabrication are quite differ-
an incident angle of 0,. As the leading edge starts traversing ent for each subsystem. In typical systems numerous model-
the curved surface, its incident angle increases and spraying is ing environments are incorporated to satisfy the requirements
stopped when it becomes 0,. At this time both the leading and of each subsystem. An approach which incorporates several
the trailing edges make incident angles of 0, so that there is different modeling environments has several drawbacks. First,
no overspray on any surface. The gun is then reoriented so it is error-prone and inefficient since modls must be trans-
that the leading edge makes an incident angle of 0, with the formed between each separate environment. Second. nonuni-
vertical surface, and repositioned so that the trailing edge form data structures make the software difficult to manage.

Weiss, Gursoz, Prinz, Fussell, Mahallngam and Patrick: A Rapid Tool Manufacturing System 45



lain e of 'we objec

ofto7 7'e Skin fi region

FIG. 11. Locating skin-rtds and interiors with NOODLES
FIG. 10. Slicing with NOODLES.

Finally, it is not easily extendible to new system applications
which may require a mixture of the attributes of different en- n
vironments. We feel the key to successful integration is to

provide a modeling environment in which design models, de-
scription of prototype models, and manufacturing methods are onimesieftn) b Vicom ftr w interor

uniformly treated. To address this issue, our manufacturing
system is built upon a geometric modeling environment. FIG. 12. Vector generation with NOODLES
NOODLES [191, where subsystem models share a common
representational and manipulation scheme.

The following examples demonstrate some of the diverse (i.e., mixed dimensions) elements such as vertices, lines, sur-

modeling requirements for this CAD-based manufacturing faces, and solids. NOODLES offers an environment where

system: nonhomogeneous elements are uniformly represented and per-
mits Boolean operations between elements of any

The user designing a part should be allowed to select the dimensionality.
appropriate modeling description paradigm depending One example which uses nonhomogeneous representa-
upon the immediate need. For example, designs, at times, tions is the planning of the layered shape deposition pro-
can best be synthesized using constructive solid geometry. cesses. The first step is to obtain the cross sections of the ob-

or building solids up from sets of surfaces, while, at oth- jee. These sections are obtained from the Boolean

ers, sweeping lower-dimensional elements, such as curves intersection between the object and a stack of planar faces

and surfaces, into solid representations produce more sat- thtre approprite spac d show tha thces

isfactoythat are appropriately spaced. Figure 0 shows that the result
The y rests plne uof this nonregular operation is a collection of cross sections.
an Thered s oe ss e tconvert. s s in Identification of the interior and skin-fill areas for SLA appli-

an ordered set of 22 D cross sections (e.. cross sections cations can also be achieved with set operations. The intersec-
with an associated depth or thickness) and span these tion between the projections of contiguous cross sections iden-

cross sections with appropriate drawing vectors. This o- tifies the interior area; the differences between these cross
eration inherently involves working simultaneously in sev- sections produce the skin-fill areas (Fig. 11). Finally, the vec-
mdels ndim hen sincor one gneat e nes, from sold tors to be scanned by the laser are obtained by intersecting
models, and then vectors, or line segments. from the appropriate grids with the portions of the cross section. For
planes example, as shown in Fig. 12, the interior area of a cross

* The robotic spray planner operates with yet other abstrac- section is intersected with a cross hatch grid. The object
tions. Grids are projected onto the object's shell to pro- boundaries for the laser are quickly found from the perimeters
duce surface patches which are analyzed for spraying ac- of the cross sections. Similarly, the grids for robotic path
tion. In turn, the spraying actions are modeled asplnigaedfedbthpe mtrsothitreconf

curvilinear paths which sweep the relevant portions of the planning are defined by the perimeters of the intersection of
the surface boundary of the object with two perpendicular setstool geometry into volumes for interference testing. At of stacks of planar faces.

this level, assessing the interference is not constrained to A f ar achi
be iterectons etwen olis. bt aso nterectonsbe-A feature extraction algorithm is also being developed

be intersections between solids, but also intersections be- which automatically recognizes form features of objects repre-

tween surfaces and surfaces, or surfaces and solids. wtin NoDlES [ec.gTis aorm ues o grpr-

* Features are the most complex level of abstraction for this marte d Ecognis atues a on a

system. The spray planning system, for example, needs to amt e opol ogte modee oets which onan
extrct onvx cmerfeaure fro th gemetic escip- augmented topology of the modeled objects which contain

extract convex corner features from the geometric descrip- these features. The NOODLES representation provides the in-
tions in order to aim properly the spray to avoid formation for construction of the augmented topology graphs
overspray. These graphs constitute the search space for the recognition of

Geometric modeling can be performed at various levels, the subgraphs which correspond to the features In injection
such as wire-frame, surface, or solid modeling. The previous molding, features like ribs and bosses are recognized in this
examples suggest that all levels are required in the system. manner 120]. Once a feature is recognized by mapping the de-
Although solid modeling approaches have the richest informa- scriptive subgraph into the object graph, various regimes in
tion, the representation of lower level elements such as lines the subgraph are also ide'"fied with their counterparts in the
and surfaces is not explicit. Furthermore, operations provided surface model. The relevant attributes for a feature can thus
within solid modeling approaches do not apply when nonsolid be evaluated by referring to the actual representation. For in-

elements are used. The ideal geometric modeling system stance, the draft angle attributes of the rib features in an in-

should uniformly represent and operate on nonhomogeneous jection molded part is very relevant for assessing ejectabilit..
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